The Gareh Bygone Plain is an arid area, south of Zagros Mountains, in Southern Iran, where a floodwater spreading project has been implemented for artificial recharge of groundwater.
INTRODUCTION
Knowledge of actual evapotranspiration (ET a ) is essential for assessing the water balance, particularly in arid areas when water saving practices, such as floodwater harvesting basins for groundwater recharge, need to be evaluated. The present research refers to a floodwater spreading (FWS) project area located in the Gareh Bygone Plain (GBP), south of Zagros Mountains, in southern Iran. ET from agricultural crops and tree plantations play a major role in water use in this area. Currently, there are no reliable data on ET but, because it is a major component of the water balance of the plain, its knowledge and estimation is definitely required.
Due to the complex and heterogeneous vegetation cover of the project site and difficulties in assessing ET at local scale, the RS SEBS algorithm was selected to estimate ET a . Hence its estimation accuracy needs to be assessed for the conditions of this study and particularly when limited data are available.
SEBS has been evaluated over agricultural, grassland and forested sites, and across several spatial scales and with Landsat, ASTER and MODIS satellite-acquired data (Su et 
MATERIALS AND METHODS

Study site
The GBP is an area of 18,000 ha. The FWS project area comprises 2,445 ha. Very little freshwater resources were available before the artificial recharge of the groundwater through the FWS activities, which started there by 1983.
The GBP is located south of the Zagros mountains, in southern Iran, between 28 W 35 0 to 28 W 41 0 N and 53 W 53 0 to 53 W 57 0 E. The altitude of the plain ranges between 1,120 and 1,160 m.a.s.l. (Figure 1 ). This is a dry region, with mean annual precipitation of 219 mm, having high interannual variability. Rainfall mainly occurs from December to March, with few exceptional events in summer (June--July). The maximum temperature (40-46 W C) occurs in July to August and the minimum (À1 to À6 W C) occurs in January to February (Table 1) . Weather data are available from the Gareh Bygone and the Fasa weather stations.
The Gareh Bygone weather station is part of the national weather stations network (OFCM ) and is located inside the study site (28 W 36 0 N, 53 W 55 0 and 1,162 m altitude). 
Model description
The one-dimensional SEBS uses satellite and commonly available meteorological data to estimate the surface energy balance (Su )
where, λE is latent heat flux of evaporation, R n is net radiation, G is soil heat flux, and H is the sensible heat flux (all in W m -2 units) (Allen et al. ). Min Abs. À 6.5 À 6.0 À 2.5 1.0 5.0 9.5 16.0 15.0 12.0 3.5 À 2.0 À 6.5 À 6.5 (3) Ground observed weather data: air temperature, wind speed observed at a given height (u, m s À1 ), actual vapour pressure (e a ) at a given reference height, atmospheric pressure (P), sunshine duration (hours), all for satellite overpass time, and mean daily temperature (T a , W C) and downward solar radiation data.
Further details on the particular techniques used to separate the sensible and latent heat fluxes from the available energy are given by Su () .
Integrated land and water information system (ILWIS) In SEBS, in order to determine the evaporative fraction (partition of the available energy between sensible and latent), use is made of energy balance considerations at limiting cases. Under the dry-limit, the latent heat (or the evaporation) becomes zero due to the limitation of soil moisture, and the sensible heat flux (H) is at its maximum value using evaporative fraction. At the wet-limit, the internal resist- 
where, ε is the emissivity, ε v is the emissivity of the vegetation, ε s is the soil emissivity, and P v is the vegetation proportion obtained according to Carlson & Ripley ()
where, NDVI max ¼ 0:8 and NDVI min ¼ 0:05, which refer to observed NDVI values for fully vegetated and bare soil pixels, respectively. The term d ε in Equation (2) 
where, F is a shape factor (Sobrino et al. ) whose mean value, assuming different geometrical distributions, is 0.55.
Vegetation products consist of the following:
(a) LAI, which was produced in this study by two methods to test their suitability for ET a estimation: using the equation proposed in SEBS help in ILWIS 3.8.3
Open, and with the equations proposed by Xavier & Vettorazzi (), respectively
where 
where, h min and h max are the minimum and maximum vegetation heights in the region. SEBS suggests, respectively, 0.025 and 2.5 m. NDVI veg and NDVI soil are NDVI (1) Specific humidity q (kg kg À1 ), defined as the mass of water vapour per unit mass of moist air (Brutsaert )
where, 0.622 is the ratio of the molecular weights of water and dry air, P is the total air pressure (hPa), and e a is the actual vapour pressure of the air (hPa) 
where, T is temperature ( W C). Values of q in this study varied from 0.003 to 0.014 kg kg À1 .
(2) The wind speed parameter in SEBS, like the other RS based methods, is based on an instantaneous measurement at the time of the satellite overpass. As inferred by Mohammadnia & Kowsar (), the assumption of constant evaporative fraction can underestimate 24-h ET in arid climates where afternoon advection often increases with wind and may increase ET in proportion to R n . In order to test the importance of maximum daily rather than instantaneous wind speed on daily ET a , the following wind speed adjusted u adj function was adopted in this study
where, u inst is instantaneous wind speed (m s À1 ) at the time of satellite overpass, and u max is maximum daily wind speed (m s À1 
where, R n is net radiation at the reference crop surface (MJ m À2 day À1 ), G is soil heat flux (MJ m À2 day À1 ), T is mean daily air temperature at 2 m height ( W C), u 2 is wind speed at 2 m height (m s À1 ), e s is saturation vapour pressure (kPa), e a is actual vapour pressure (kPa), Δ is slope of vapour pressure curve (kPa W C À1 ), γ is psychrometric constant (kPa W C À1 ). e s and e a were calculated as proposed by Allen et al. (), differently from Equations (9) and (10). 
Model parameterization and testing
To test the consistency of SEBS results and analysing the changes in SEBS parameters, different types of input maps and values were prepared and the model was run for every type of parameter while keeping all other parameters unchanged. The parameters and products used in this study are listed in Table 4 . As there were numerous images and different types of input parameters and products, a script was written in order to facilitate the 
Deriving and adjusting K c values
The pixels' values of the radiation products relative to the dates which coincided with the maximum canopy were selected to calculate mid-season K c (K c mid ). To take into account constraints in plant growth in irrigated crops (due to water stress, diseases and pests), the K c mid were adjusted using the LAI ratio (Allen et al. ) as follows:
with the empirical adjustment coefficient A cm , given by
where, K c adj is the adjusted K c mid , LAI dense is LAI for a crop having appropriate ground cover density, or maximum density, and LAI stress is the actual LAI of the crop when submitted to stress. Using this approach, A cm ¼ 0 when a crop is not stressed. In this study LAI in Equation (15) was replaced by NDVI because NDVI data were obtained from RS and the hypothesis of similarity between the concepts of NDVI and LAI could be accepted for the purpose of identification of crop stress. Following this procedure, the ratio between SEBS ET a and ET o is K c-adj . Therefore, K c is calculated as
Values for NDVI dense were extracted from a wellmanaged irrigated farm belonging to the Agricultural Research Station of Darab (28 W 47 0 N, 54 W 19 0 E) located at 44 km northwest from the GBP, at the same altitude and with a similar climate and cropping season. Soil conditions and water quality are non-limiting at this farm, which produces the highest wheat yield of the region (above 6,000 kg ha À1 ). 
Comparison with applied water
The volume of irrigation water was also measured in several fields in the area during the growth season. To do this, well discharge was measured in the head ditch above each field using a cut-throat flume (Walker ). This was then converted to seasonal volume of applied water per hectare Then the size of cultivation for each crop was multiplied by amount of applied water (m 3 per hectare) for that crop type to find out the total volume of applied water (Mm 3 ).
The amount of efficient rainfall (recorded rainfall × 0.7) in volume base was then added to the calculated applied water.
To calculate the total amount of water used by ET, the ET a maps generated by SEBS were crossed with each cultivated farm field map, to calculate the weighted average of ET a for every image date. As the ET o was available as a daily base, the ratio ET o /ET a for the image dates was used as a multiplier to calculate the ET a for the days between image intervals. Then, the daily ET a values were summed up for the cropping seasons.
RESULTS AND DISCUSSION
Radiation
Since Fasa weather station was located out of the 161-40 scene, the number of available observations of radiation was reduced to the images with non-cloudy conditions in the 162-40 scene, thus 21 scenes were available for radiation analysis and calculation.
An overview of the statistics for each of the graphs is presented in Table 3 . The GRASS estimates of global radiation show a very good agreement with the measured radiation at Fasa, with a coefficient of determination r 2 of 0.84. RSE ¼ 6.40% was obtained when net radiation is estimated with GRASS. Results for r 2 and RSE demonstrate the potential of GRASS r.sun module to estimate global radiation ( Figure 4) . 
Evapotranspiration
Parameterization
Several alternatives for the analysis were tested. Each selected input (map product or parameter; leading to an increase of 0.1 in r 2 and a decrease of 0.13 mm day À1 in RMSE (column 4 in Table 5 ), thus inferring a positive impact of atmospheric correction in this study. By replacing radiation and LAI sources (columns 5 and 6 in Table 5 ), it can be assumed that the radiation map produced by GRASS and the LAI map generated with Equation (6) South East Australia with annual rainfall averaging 384 mm and mean annual temperature of 19.9 W C, which is less dry than our study site. r 2 for their Landsat TM study was 0.95, which is close to our results of r 2 ¼ 0.91.
To show the impact of incorporating the maximum daily wind speed (in terms of u adj ), the results of SEBS with u inst and u adj are presented in Figure 6 . The maximum differences between graphs of SEBS ET a (extracted from water body pixels) and FAO P-M ET o occurred in July and August, mainly in 2009 ( Figure 5 ). After incorporating maximum daily wind speed, the differences became substantially smaller for these months (which is also inferred from r 2 and RMSE changes from column 3 to 7 in Table 5 ). The largest deviation between SEBS's ET a and FAO P-M ET o was observed on 6 July 2009 (7.29 vs. 9.32 mm day À1 , respectively). The maximum wind speed on this day was 12.3 m s À1 as compared with the instantaneous satellite overpass time wind speed of 3.5 m s À1 . After considering the maximum wind speed, the corresponding results become much closer (9.15 vs. 9.32 mm day À1 ). These results are likely due to the possible occurrence of advection in the area, as reported by Raziei & Pereira () .
Spatial and temporal variability of ET a
Descriptive data of temporal and spatial changes in ET a for various land uses are presented in Table 6 . It shows that temporal changes in predicted ET a from all main land uses logically follow the seasons. A minimum ET a in January is followed by an increasing trend until maximum values occur in June-October, which is followed by a decreasing trend until the next year's minimum, in January. Variations of ET a for various land use types are also shown in That possible overestimation is noted by various authors, e.g., Lu et al. () .
Results of daily K c calculations for winter wheat and forage corn are presented in Table 7 . The calculated K c in the last column is obtained from RS data with Equation (16).
Daily values for winter wheat K c mid were in the range of s.l.), which justifies the small K c difference (in addition to crop varieties and crop techniques adopted).
The K c mid for forage corn averaged 1.08 while daily estimated values varied between 0.91 and 1.33 (Table 7) .
Similarly to what occurred with the wheat K c mid , the high daily value of 1.33 is likely to be due to advection, which may be stronger during the maize crop season than that occurring during the wheat season. Several authors reported similar but generally larger values than the estimated K c mid ¼ were 0.88-0.89, thus much higher than those obtained in this study. Various studies reported by these authors also
show K c higher than most of the values shown in Table 7 .
However, values for non-irrigated pastures are smaller, for instance, Aase et al. 
Water consumption comparison
The amount of water consumption calculated by the method is presented in Table erature. An overestimation in K c value for sparse vegetation (out of FWS) pasture area is inferred from this study. Moreover, extreme K c values could be considered non-erroneous since they could be due to local and regional advection.
Water consumption by cultivated crops based on SEBS results compared well with that calculated by measured applied water and as a consequence a reasonable calculated irrigation returned flow. Thus, the SEBS estimation of ET a and consequent K c is useful for performing an adequate assessment of the FWS project as well as to be used further in water management in the region. SEBS can now be applied as a tool for monitoring the impact of various land use scenarios in GBP, including those aimed at adaptation to climate change. However, it is advisable that ground observations be further developed to better assess SEBS and control uncertainties in its parameterization.
